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Introduction Magnetite is an ubiquitousineral

in meteoritesand the particlesize of these grains
typically range from a few nanometers to several
micrometers [1]. Occurrence of magnetite and
sulfides in martian meteorite ALH84001has been
suggested as possible evidence for biogenic activity
[2]. Known biogenic magnetites darthoccupy a
narrow range oizesand areusually single-domain,
often occur inchains of similar-sized particles and
exhibit several morphologies: cubic, prismatic and
bullet or tear-drop shaped [3]. Magnetite produced
by magnetotactic bacteria is a carrier rtural
remnance magnetism (NRM) in terrestrial
sedimentary environments. In  addition to
magnetotactic bacteria which produce magnetite
intracellularly, there are manyypes of bacteria
which produce magnetite extracellularly; e.g.,
thermophilic [4]and sulphate reducing] bacteria.

If the magnetite in the carbonatglobules of
ALH84001 meteorite is of biogenmrigin we do not
know the nature of the organism whigiroduced
them. The shapend size analysis data of the
magnetite in the carbonatgobules of ALH84001
will provide animportant basigor comparison with
terrestrial biogenic magnetite. Therefore, the
objective ofthis study was to studyhe size and
shape of magnetite in the carbonaglbules of
ALH84001 in comparison taerrestrial biogenic
magnetite.

Samples and MethodsCarbonate globules from the
ALH84001 meteorite were removed from fractured
surfaces using aticky tapeand transferrednto a
pre-castepoxy blockand embedded in a drop of
Embed812 epoxy. The block was trimmed and
ultramicrotomed using a Porter Blum MT-2
ultramicrotome equipped with a diamond knife.
Sections included portions of globuieteriors and
also the iron- and sulfur-rich rims. The
approximately 70-nnthin sections were mounted on
a holey-C substrate onGu-grid andanalyzed using

a JEOL 2000FXTEM. The magnetite grainsere
identified by a combination of analytical techniques
including EDS analysis, electron diffraction, and
lattice fringe imaging. Particle measuremengre
done using negative imagesd al0x loupe. A
sample of magnetite from magnetotactic bacteria
strain MS-1 was used for comparison. The
population meansvere compared by single factor
ANOVA.

Results and DiscussiorMean particle diameter for
the magnetite in the carbonagdobule (42.9 nm)
interior was not significantly different fronthat of
the rimmagnetite (38.5 nn{Figs. 1a,b]. However,
the magnetite distribution within the carbonate was
much more sparsand thetotal number available for
measurements was less. Therefahe contribution

of the carbonate magnetite to the total magnetite was
not significant. This can beeen from the similarity
of the two histograms forthe magnetite in the rim
versusthat of thewhole carbonate globule (Figs. 1b,
c). The distribution of particle diameters of
magnetite from bacteriadtrain MS-1 is narrower
(variance = 69, df = 88han that of themagnetite
from the carbonate globules in ALH84001
(variance=281, df =141; Fig. 1c, dhpwever, the
meanvalue (40.4nm) is notsignificantly different
from that of the magnetitepopulation in the
carbonate globule. Length to widthxial ratio
(aspect ratio) forthe magnetite in the carbonate
globule ranged from 1 to 2.2&nd thatfor the rim
from 1 to 3.8and theaverage value was nearly 1.4
for both populations. Both these values along with
that for MS-1 when plotted orthe theoretically
derived stability field diagram of Butler and Banerjee
[6] falls in the single-domain region (Fig. 2). The
magnetite in the carbonatglobule has several
morphologies (e.g.;  cubo-octahedral,cubic,
hexagonal prism, and elongated cubo-octahedral) but
the outlines as seen in TEMan be hexagonal,
square, rounded, or irregular (not shown). We did
not observe any platy aneedle shaped crystals in
the samples we examined. Tieajority of the
crystals observed irthe carbonate interiomere
euhedral andhose from therim were, euhedral,
rounded or irregular shaped. Magnetiteystals
produced by bacteriaitrainMS-1 are predominantly
cubo-octahedrahnd arerelatively uniform,and the
mean size of these magnetiystals (40.41m) fell
within the magnetite populatiofor the carbonate
globule. Howeveryali andKirschvink [3] reported
magnetite from other bacterigstrains with shapes
ranging from cubo-octahedral, pseudohexagonal
prisms, to tooth or bullet shaped with or without
bends. Except fothe cubo-octahedral fornall the
other morphologies exhibit wide range of particle
sizes. For example, these authors reported a needle
shaped magnetite from a bacterium frdioorsee
with a particle length of 300 nm [3nd anaspect
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ratio of 10. This is the extremthat hasbeen
reported for biogenic magnetite. In contrast to the
magnetite dimensions in the carbonates the particle
diameters of magnetite from CZTarbonaceous
chondrite Orgueil rangéfom 0.1 to 1.2um [1] and
differs significantly from both the bacterial
magnetite andthose from ALH84001 carbonate
globules.

Conclusions The mean particle sizend thesize
distribution of the magnetiterystals in carbonate
globules of ALH84001 meteoritare comparable
with those of bacterial magnetite from MS-1. The
aspect ratioswere similar for the magnetite
population in the carbonatesnd those from the
bacterial strain MS-1 and fall within the single
domain size range. Furtheavork is needed to
evaluate particle size properties dbiogenic
magnetite  including those from  bacteria
(dissimilatory and assimilatory) that produce
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Figure 1. The distribution of particle diameters for
magnetite crystals from: (ajhe interior of the
ALH84001carbonate globule withotte rim,(b) the
rim region of theALH84001carbonate globule, (c)
the whole carbonate globule in ALH84004and (d)
bacterial magnetite from strain MS-1.

magnetite of different morphologies. More carbonate
globules in ALH84001 meteorite should also be
studied to improvethe statisticalvalidity of the
measurements.
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Figure2. Averaggrainsize values for magnetite in
the interior of the carbonatgdobule (c), inthe rim

(r) and from the bacteriaitrainMS-1 (m) plotted on
the theoreticallyderived stability fielddiagram of
Butler and Banerjee [6]. All three values fall in the
single-domain region. The superparamagnetic
threshold is shown for critical relaxation times of
100 s and 4x10yr.



